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ABSTRACT

Fructose-containing sugars, including fructose itself, high fructose corn syrup (HFCS), and sucrose have engendered considerable controversy.

The effects of HFCS and sucrose in sugar-sweetened beverages, in particular, have generated intense scientific debate that has spilled over to the

public. This controversy is related to well-known differences in metabolism between fructose and glucose in the liver. In addition, research

studies have often been conducted comparing pure fructose and pure glucose even though neither is consumed to any appreciable degree in

isolation in the human diet. Other evidence has been drawn from animal studies and epidemiologic or cohort studies. Few randomized

controlled trials (RCTs) have compared HFCS with sucrose (the 2 sugars most commonly consumed in the human diet) at dosage amounts within

the normal human consumption range. This review compares results of recently concluded RCTs with other forms of evidence related to

fructose, HFCS, and sucrose. We conclude that great caution must be used when suggesting adverse health effects of consuming these sugars in

the normal way they are consumed and at the normal amounts in the human diet, because RCTs do not support adverse health consequences at

these doses when employing these sugars. Adv. Nutr. 4: 677–686, 2013.

Introduction
Few items in the human diet have engendered as much con-
troversy as fructose, high fructose corn syrup (HFCS)4, and
sucrose (1–21). What links these 3 sugars is the presence of
fructose, either by itself or as a component of HFCS and su-
crose. Controversies related to fructose-containing sugars are
typically based on the well-known differences between me-
tabolism of fructose and glucose in the liver (22). Numerous

investigators have suggested that fructose-containing sugars
may be associated with a variety of metabolic diseases, in-
cluding diabetes (23,24), metabolic syndrome (MetS) (25,
26), heart disease (19), nonalcoholic fatty liver disease (NAFLD)
(27,28), and even certain cancers and dementia (29). These
assertions are often based on epidemiologic studies (low ev-
identiary value) (23,24,30), animal studies (which often do
not translate well to human metabolism) (31–34), theoreti-
cal constructs (25,35), or experiments involving large doses
of pure fructose compared with pure glucose, neither of
which is consumed to any appreciable degree in isolation
in the human diet (36,37).

Challenges to fructose-containing sugars are not new. In
the 1980s Reiser et al. (38), Hallfrisch et al. (39), Reaven (40),
and Hwang et al. (41) and others alleged that fructose alters
lipid, glucose, and uric acid metabolism, resulting in in-
creased risk factors for cardiovascular disease (CVD) and el-
evated blood pressure. These issues and others were reviewed
in a comprehensive monograph published in 1993 in the
American Journal of Clinical Nutrition (42).

In retrospect, the modern challenge to fructose appears
to have begun in 2004 with a publication by Bray et al. (43)
that asserted that “the increase in consumption of HFCS
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has a temporal relation to the epidemic of obesity, and the
overconsumption of HFCS in calorically sweetened bever-
ages may play a role in the epidemic of obesity.”

Although the authors of this commentary were careful to
point out that this temporal association did not establish
cause and effect, it was widely misinterpreted and sparked
a series of research trials and debate within the scientific
community.

Subsequently, a broad consensus has emerged that there
is nothing unique about HFCS compared with sucrose or
other nutritive sweeteners when it comes to a potential asso-
ciation with obesity. This position has been supported both
by the American Medical Association (11) and the Academy
of Nutrition and Dietetics (12).

Although the authors of the original “HFCS hypothesis,”
as it has come to be known, have acknowledged that their
original hypothesis concerning HFCS did not intend to im-
ply or establish causation, they and others have reiterated
their concern that fructose-containing sugars such as HFCS
or sucrose, particularly when consumed in sugar-sweetened
beverages (SSBs), may be linked to a variety of adverse health
consequences (44).

With this information as background, the current review
will explore issues related to the metabolism of fructose, HFCS,
and sucrose as well as evaluate the strengths and weaknesses
of the evidence supporting putative links between the con-
sumption of these sugars and health consequences. These is-
sues will be addressed by raising a series of questions and
presenting results from recent randomized controlled trials
(RCTs) from my research laboratory and others utilizing
various amounts of HFCS, sucrose, and fructose exposure
ranging from the 25th to the 90th percentile population con-
sumption level of fructose.

HFCS, sucrose, and fructose: the “perfect storm” for con-
fusion and mistaken identity. Confusion among these 3
fructose-containing sugars appears to be based on a conflu-
ence of factors that essentially created a “perfect storm” for a
variety of misperceptions, not only in the scientific and
medical communities but subsequently in the media and
the public at large.

One factor that contributed to the confusion regarding
fructose, HFCS, and sucrose is the failure to distinguish be-
tween association and cause and effect. Although it is clearly
understood within the scientific community that epidemio-
logic studies raise questions and can only establish associa-
tion and not cause and effect, oftentimes results of these
studies have been reported in ways that blur this distinction.
In retrospect, the confusion was probably exacerbated by the
unfortunate choice of the name “high fructose” corn syrup,
which was utilized early in the history of this product to dis-
tinguish it from the corn syrup it was derived from. The
choice of this name led both the public and even the scien-
tific community to believe that HFCS was high in fructose
and thus comparable with fructose itself rather than the ap-
propriate comparison between HFCS and sucrose, both of
which contain ~50% glucose and 50% fructose. HFCS in

its normal usage is available in 2 forms: HFCS-55, which con-
tains 55% fructose and 45% glucose, and HFCS-42, which
contains 42% fructose and 58% glucose. Both contain mi-
nor amounts of glucose polymers.

The confusion between fructose and HFCS was further
exacerbated by research trials that compared pure fructose
to pure glucose and suggested that there were a variety of
metabolic differences between these 2 sugars (16,20,36,37).
Although these studies, many of which utilized very large
doses of either pure fructose or pure glucose, provided inter-
esting scientific comparisons, it is important to understand
that neither pure fructose nor pure glucose is consumed to
any appreciable degree in isolation in the human diet.

An additional contributor to the “perfect storm” for con-
fusion and mistaken identity relates to the fact that linking
added sugar consumption to obesity raised strong emotional
feelings, given the rapidly increasing worldwide pandemic of
obesity, and provoked the understandable but misguided de-
sire to look for a simple solution to what is clearly a very com-
plex problem.

Finally, these emotional responses were further stimu-
lated when various scientists used inflammatory language such
as “toxic” (45) or “threat to global health” or “pure, white and
deadly” (5,46) when referring to fructose-containing sugars.

Is there a link between added sugars and obesity? The
world is in the midst of a pandemic of obesity. Both childhood
and adult obesity represent enormous global health prob-
lems for developed as well as underdeveloped nations. Re-
cent estimates suggest that more than 66 million American
adults are obese and an additional 74 million are overweight
(47). The prevalence of obesity in the United States has
grown a shocking 40% in the last 30 y (48). The obesity ep-
idemic is truly global. In European countries it ranges from
20% to 30% and it is even higher in South America, Aus-
tralia, and Polynesia. According to the WHO, there will be
1.5 billion obese individuals worldwide by 2015 if current
trends continue (49).

The role of fructose-containing sugars in the worldwide
epidemic of obesity is uncertain. A number of epidemiologic
studies have suggested an association between SSB consump-
tion and obesity, increased caloric intake, and poor dietary
quality (50–52). In an area as complicated as obesity, how-
ever, it would appear unlikely that one component of the
diet represents a major cause of this worldwide pandemic.
A recent scientific statement from the ASN emphasized
the complexity of energy regulation and weight and cau-
tioned against isolating one component of the diet as a pri-
mary cause of weight gain and/or obesity (53).

RCTs do not offer much support for a causative link be-
tween SSB consumption and weight change. A meta-analysis
of RCTs by Kaiser et al. (54) evaluated studies that explored
increased SSB consumption and weight gain as well as stud-
ies that explored the strategy of reducing SSBs as a tool to
reduce weight. These investigators reported that RCTs explor-
ing the effect of increased consumption of SSB explained only
1.92% of variance in body weight or BMI change. Reducing
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consumption of SSB in persons of all weight categories ex-
plained only 0.09% of variance of body weight or BMI change.
Among individuals who were overweight or obese at base-
line reducing the consumption of SSB explained 1.54% of
the variance in body weight or BMI change. These investiga-
tors concluded that although there was reasonable evidence
to support the conjecture that SSBs might contribute to obe-
sity, the currently available evidence from RCTs was small
and equivocal (54).

Recent meta-analyses by Dolan et al. in normal weight
(55) and obese individuals (56) did not support a link be-
tween fructose consumption and obesity at amounts up to
the 90 percentile population consumption level for fructose.
Moreover, a systematic review and meta-analysis by Sieven-
piper et al. (57), which explored the effect of fructose on
body weight in controlled feeding trials, concluded that fruc-
tose did not appear to cause weight gain when substituted
for other carbohydrates in diets providing similar calories
even at relatively high amounts of consumption of fructose.
However, consumption of fructose at high amounts provid-
ing excess calories modestly increased body weight. They
concluded that this latter effect was most likely due to extra
calories rather than fructose (57).

It is also important to note that sugar consumption has
not increased disproportionately with the rise in core con-
sumption of calories in the modern diet during the last 40 y
(58). Moreover, both USDA historical trends and NHANES
data demonstrate declines in the intake of added sugars in
children of all ages and people of all ethnicities since 1999
(2). According to USDA data, there was a total increase of
449 kcal/d in mean intake in the United States between
1970 and 2010. During this 40-y period, only 8% of the calorie
increase resulted from all added sugars combined, whereas
flour-cereal products and added fats accounted for the vast
majority, nearly 90%, as illustrated in Figure 1 (58).

A study published by our research laboratory demonstrated
that consumption of mean amounts of fructose-containing
sugars did not result in increased body weight (59) during
a 10-wk free-living trial. In a separate study, mean amounts
of fructose-containing sugars were utilized as part of an
overall hypocaloric diet and did not impede weight loss (60).

Thus, the impact of added sugars on obesity and weight
gain or loss remains in dispute, with most of the RCTs sug-
gesting that if any effect exists, it is small and/or equivocal.

The impact of fructose, glucose, HFCS, and sucrose on
energy-regulating hormones. Several studies have com-
pared the effect of consuming fructose with that of glucose,
often delivered at 25% of calories consumed, on energy-reg-
ulating hormones (16,20,36,37). These studies have clearly
demonstrated that differences in energy-regulating hor-
mones can occur under artificial conditions, with glucose
stimulating increased insulin production and a concomitant
rise in leptin and suppression of ghrelin compared with
fructose (16,20,36).

It has been argued that these differences in energy-regulating
hormones could create an environment of increased hunger

and appetite, resulting in increased consumption of calories.
However, as already indicated, pure fructose and pure glucose
are not typically consumed in isolation in the human diet to
any appreciable degree. When these studies were repeated in
analogous conditions with up to 30% of calories coming from
either the more commonly consumed HFCS or sucrose, all dif-
ferences in energy-regulating hormones disappeared (36,61,62).

Thus, experiments comparing pure fructose with pure
glucose must be treated with great caution, because they rep-
resent an artificial condition and do not appear to accurately
reflect the realities of human nutrition. Moreover, as re-
cently reviewed by White (2), these studies have often used
extreme fructose doses frequently exceeding even the 95th
human population percentile intake by 1.5- to 3-fold. Fruc-
tose doses administered in animal studies have even been
more extreme, often exceeding the 95th human percentile
population intake by 4 or 5 times (2). Responses to such ex-
treme doses should, therefore, be treated with appropriate
caution because of the potential that such high dosages may
distort normal metabolic responses.

Does dosage matter? Several competing recommendations
exist for appropriate upper limits of added sugars. Recently,
the AHA recommended that the average adult male not con-
sume >150 kcal/d and the average adult female no more than
100 kcal/d from all added sugars (63). It must be noted that
these recommendations are exceeded by >90% of the adult
population in the United States. Moreover, they are consid-
erably more restrictive than recommendations published by
the Institute of Medicine (IOM) (64) and the Dietary Guide-
lines for Americans (DGA) (65). These latter recommenda-
tions allow up to 25% of calories to be consumed from
added sugars. The IOM/DGA guidelines are based on evi-
dence suggesting that when amounts of added sugars exceed
25% of calories, dilution of important micronutrients may
occur.

FIGURE 1 Energy intakes from commodity groups, 1970–2010,
demonstrating that added sugars comprise a small portion of
increased caloric consumption and have been in decline since
1998. Reproduced from (2) with permission. From: USDA
Economic Research Service Average Daily per Capita Energy
from the US Food Availability, adjusted for loss.
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To explore the relation of various amounts of added sug-
ars to health variables, our research group conducted a dou-
ble-blind, prospective, RCTof 352 men and women between
the ages of 20 and 60 y who consumed either HFCS or su-
crose at 8% of calories (approximately the upper limit rec-
ommended by the AHA), 18% of calories (approximately
the 50th percentile for fructose consumption in the United
States), or 30% of calories (approximately the 90th percen-
tile of fructose consumption). Individuals were studied at
the beginning and end of a 10-wk, free-living trial consum-
ing these sugars (66). A subset of individuals had spent
2 overnight stays in our Metabolic Unit where measure-
ments of insulin, leptin, and ghrelin were obtained over a
24-h period. A subgroup of these individuals also underwent
CT scanning of the liver to assess changes in liver fat and an
MRI of the muscles to assess any potential impact of these
various dosages on fatty infiltration of muscle. This study
showed that there was no adverse impact on blood lipids
(67), no changes in blood pressure (66), no changes in insu-
lin, leptin, or ghrelin (68), no changes in liver fat or muscle
fat, and no differences between HFCS and sucrose when
comparing these 3 different doses of HFCS or sucrose on
these experimental outcomes (69). These data support the
IOM upper limits of intake and DGA conclusions that there
are no adverse health effects of consuming up to 25% of cal-
ories from added sugars (64,65).

Do Fructose-Containing Sugars Adversely
Affect Lipids?
The issue of whether or not consumption of added sugars
results in dyslipidemias remains controversial. The AHA has
released a statement on TGs and CVD recommending that
adults limit their consumption of fructose-containing sugars
as a means of controlling TGs (70). This statement has, how-
ever, been challenged on a number of grounds (J. White,
J. Rippe, J. Sievenpiper, unpublished data). Livesey and Taylor
(71) published a meta-analysis that showed a lack of effect of
fructose on fasting TGs at intakes #100 g/d, which is above
the 95th percentage intake for even the most extreme users
of fructose. A more recent systematic review andmeta-analysis
by Sievenpiper et al. (72), which included 13 isocaloric and
2 hypercaloric chronic feeding trials all of which were $7 d
in duration, also showed no differences between fructose
and any other carbohydrate source on TGs when fructose
was isocalorically substituted into the diet. When fructose
was hypercalorically substituted, increases in TGs were ob-
served. These data suggest that the effects of fructose on
TGs do not differ from other carbohydrate sources as long
as the diets are matched for dose and energy. These data fur-
ther suggest that the observed effect of fructose on cardio-
metabolic risk factors in hypercaloric trials appears to be
more attributable to excess energy than to fructose per se.

Some investigators have reported results in which sugar
consumption resulted in various dyslipidemias in human
participants. In particular, Stanhope et al. (16), using a model
in which 25% of energy consumption from fructose was
compared to 25% of energy from glucose in acute experiments,

showed increases in TGs in the fructose-consuming group.
Other investigators, including Marckmann (73), Raben et al.
(74), Maersk et al. (26), and Teff et al. (20), have also re-
ported increases in cholesterol and/or LDL cholesterol in
participants consuming either sucrose or HFCS.

In contrast, studies in our research laboratory at amounts
2–3 times the upper limit recommended by the AHA did not
show any adverse impact on lipids (75). Furthermore, the
trial in our research laboratory already mentioned, which in-
volved 352 overweight or obese individuals who consumed
up to the 90 percentile population consumption levels of
fructose as part of a mixed nutrient eucaloric diet, did not
show any effect on total cholesterol (P = 0.88) or LDL cho-
lesterol (P = 0.85) (75). A significant 14% increase in TGs
was noted in this study, although it must be noted that indi-
viduals gainedw2 pounds during the course of the research
trial, which may have contributed to increased TGs. It should
also be noted that TG amounts remained within the normal
range both before and after the 10-wk study period of sugars
consumption. Thus, the impact of fructose-containing sug-
ars on lipids remains in dispute. When large amounts of sug-
ars (>20% of calories) are given, particularly in hypercaloric
trials, TGs often increase (70,76). The effect of sugars on
other lipids remains in dispute and will require further RCTs
to clarify.

Do Fructose-Containing Sugars Adversely
Affect Risk Factors for Diabetes?
The issue of whether or not added sugars exert an adverse
impact on risk factors for diabetes has been debated for many
years. Fructose was initially viewed as a potentially useful
substitute for glucose in individuals with diabetes, because
it does not stimulate insulin response to the degree that glu-
cose does. However, early research in this area suggested that
increased consumption of fructose could result in increased
TGs, thereby increasing the risk of CVD and negating any
benefit that might be derived from lower insulin excursion
(77). The American Diabetes Association recommends that
individuals with diabetes should moderate their consump-
tion of added sugars (78).

Recently, several investigators have argued, based on eco-
logical studies, that either sugars in general or HFCS in par-
ticular may increase the risk of diabetes. Goran et al. (24)
correlated production of HFCS by country with prevalence
of diabetes. Their analysis concluded that countries where
more HFCS was produced had a higher prevalence of diabe-
tes, purportedly because of the incremental increase in fruc-
tose due to HFCS-55 and sucrose. Their analysis of the
European Union was flawed, however, because only HFCS-42
is produced there; overall fructose intake will decrease when
HFCS-42 is substituted for sucrose. Basu et al. (23) corre-
lated sugars consumption by country with risk of diabetes
and concluded that there was a positive association between
sugars consumption and diabetes. It should be noted that
data from this latter study showed a correlation between
obesity and diabetes that was 20 times greater than sugars
consumption and diabetes. Both of these research groups
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rightly cautioned that ecological studies are a low form of
evidence and conceded that despite efforts to control con-
founding factors, multiple other factors could have contrib-
uted to the associations observed. Unfortunately, various
media picked up on this work and reported that sugars con-
sumption could represent a significant risk factor for diabetes.

Most studies reviewed do not support the contention that
sugar consumption per se increases the risk of diabetes. The
European Prospective Investigation into Cancer and Nutrit-
ion Study, a large, multi-national cohort study, did not find a
correlation between consumption of sugars or other carbo-
hydrates and the risk of diabetes (79). Research performed
in our laboratory compared HFCS with sucrose at 8, 18,
and 30% of calories in a 10-wk, free-living trial and did not
find any differences between the 2 sugars and no increases
in glucose, insulin, insulin resistance, AUC for glucose, or
AUC for insulin (J. Lowndes, T. Angelopoulos, J. Rippe, un-
published data). A subsequent study conducted by our re-
search group compared HFCS and sucrose at 18% of calories
with fructose and glucose at 9% of calories as part of mixed
nutrient nutrition plans. Once again, we did not find any dif-
ferences in glucose, insulin, insulin resistance by the HOMA,
or AUC for glucose or insulin when comparing the 3 fructose-
containing sugars with the glucose control condition (J. Rippe,
T. Angelopoulos, T. Lowndes, unpublished data).

Insulin resistance typically precedes diabetes by 10–20 y
(80). It has been reported that ectopic deposition of fat in
skeletal muscle is responsible for up to 75% of all insulin re-
sistance (81). A research study conducted by our group
compared muscle fat before and after a 10-wk, free-living in-
tervention where participants consumed either HFCS or su-
crose at 8, 18, or 30% of calories. As illustrated in Figure 2,
no changes were found in ectopic muscle fat in the gluteus
maximus or vastus lateralis muscles when consuming these
amounts of either sugar (69). Furthermore, the meta-analysis
by Cozma et al. (82) found that participants consuming fruc-
tose demonstrated decreased hemoglobin A1C compared
with those consuming other substituted sugars.

Thus, there is considerable conflicting evidence concern-
ing whether added sugars increase the risk of diabetes. Stron-
ger studies, including cohort and RCTs, suggest that there is
not a relation between sugars consumption and risk factors
for diabetes. Because of the well-known and strong correla-
tion between diabetes and obesity, any propensity for added
sugars to increase weight might indirectly increase risk fac-
tors for diabetes. However, a direct link does not appear sup-
ported by the current literature.

Does Consumption of Fructose-Containing
Sugars Increase Blood Pressure?
Some studies have suggested that consumption of added
sugars may cause an increase in blood pressure (83,84).
However, results in human studies are equivocal (85).
Some epidemiologic studies have suggested that increased
consumption of sugars may increase blood pressure (83,
84,86); however, other studies have not confirmed these
findings (85).

Johnson et al. (25) have proposed a mechanism through
which increased consumption of sugars might cause an in-
crease in blood pressure. These investigators propose a model
where fructose metabolism in the liver leads to consumption
of ATP, which is ultimately degraded to uric acid. Uric acid
in turn, according to this model, could cause endothelial
dysfunction, leading to high blood pressure.

Research in our laboratory compared 8, 18, or 30% of
calories from HFCS or sucrose during a 10-wk, free-living
period in 352 normotensive individuals and found no in-
crease in blood pressure (75) (Fig. 3). A subsequent research
study by our group showed that HFCS consumed at 18% of
calories compared with sucrose at 18% of calories, fructose
at 9% of calories, or glucose at 9% of calories consumed
during a 10-wk period in a free-living cohort of 123 individ-
uals did not raise either systolic or diastolic blood pressure.

Sun et al. (87) looked at nationally representative data
comparing fructose consumption with uric acid measure-
ments and did not find a correlation. These data were cor-
roborated by research in our laboratory showing that at
multiple different dosages of HFCS, sucrose, or fructose,
there was no increase in either fasting uric acid or uric AUC
(88,89).

FIGURE 2 Muscle fat determination (by MRI) on 68 participants
who consumed either HFCS or sucrose to supply 8, 18, or 30% of
energy in low-fat milk during a 10-wk, free-living trial. Reproduced
from (69) with permission. (A) Gluteus maximus. (B) Vastus
lateralis. HFCS, high fructose corn syrup.
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Ha et al. (90) conducted a systematic review and meta-
analysis of studies evaluating the effect of fructose on blood
pressure. They reported that when fructose was isocalori-
cally substituted for other carbohydrates, no increase in
blood pressure occurred. Moreover, the same research group
found that there was no correlation in published studies be-
tween fructose consumption and uric acid even at amounts
higher than normal human consumption (91). Thus, the hy-
pothesized relation between fructose-containing sugars and
increase in blood pressure is not supported by recent RCTs
or meta-analyses in studies involving humans.

Does Consumption of Fructose-Containing
Sugars Increase the Risk of MetS?
The prevalence of MetS has considerably increased in the
United States in the past 20 y. Some reports utilizing NHANES
data have reported a prevalence of MetS of up to 39% of
adults (92). Although there are multiple different definitions
of MetS, the one most commonly used in clinical medicine
comes from the National Cholesterol Education Program’s
Adult Treatment Panel III Guidelines (93). MetS represents
a constellation of factors, including dyslipidemia, abnormal
glucose handling, and high blood pressure.

Excess accumulation of abdominal fat is strongly associ-
ated with MetS and is thought to be one of its underlying

causes. Several investigators have suggested that increased con-
sumption of fructose-containing sugars may result in an in-
crease in risk factors for MetS. Maersk et al. (26) reported a
6-mo trial of individuals consuming 1 L/d of sucrose-sweetened
cola, diet cola, milk, or water. They reported that consump-
tion of sucrose-sweetened cola increased risk factors for
MetS. Stanhope et al. (16) compared consumption of fruc-
tose with glucose at 25% of calories and reported increases
in visceral abdominal fat in the fructose participants. They
speculated that this could increase the risk of MetS.

Other investigators have challenged these findings. Sun
et al. (94) conducted an analysis of nationally representative
data and found no correlation between fructose-containing
sugars and prevalence of MetS. RCTs conducted in our re-
search laboratory compared the effects of 8, 18, or 30% of
calories from either HFCS or sucrose on body weight and
abdominal fat in a cohort of 116 individuals. Although there
was an w2-pound increase in body mass during the entire
cohort, there was no increase in abdominal fat as evaluated
by DXA. A subsequent study comparing HFCS at 18% of cal-
ories, sucrose at 18% of calories, fructose at 9% of calories,
and glucose at 9% of calories in 123 individuals during a
10-wk, free-living period did not show any increase in accu-
mulation of abdominal fat. Moreover, these studies did not
show any increase in either systolic or diastolic blood pres-
sure or increase in glucose. A slight decrease in HDL (~1
mg/dL) and increases in TGs (10–14% increase) occurred
in these studies, although all values remained within normal
limits (67). Thus, any effects of fructose-containing sugars
on risk factors for MetS, if present, would appear to be
very small.

Does Consumption of Fructose-Containing
Sugars Increase the Risk of Fatty Infiltration of
the Liver?
Concern about fatty infiltration of the liver and a potential
effect of fructose has been evaluated by a number of inves-
tigators (95,96). The basic underlying mechanism of metab-
olism of fructose in the liver has been suggested by some
investigators as a potential reason to be concerned about fat
accumulation in the liver (16,97).

Fructose is metabolized differently than glucose in the
liver, as illustrated in Figure 4. More than 90% of absorbed
fructose is cleared on first pass by the liver. As shown in this
figure, there is an interactive pathway between glucose and
fructose metabolism. It has been estimated that >50% of fruc-
tose is metabolized into glucose, another 15% into glycogen,
25% into lactate, and a few percent into carbon dioxide (22).
In various studies, 1–5% of fructose consumed can be con-
verted into TGs in the process of de novo lipogenesis (DNL).
The amount of fat generated through this process in normal
human metabolism is on the order of 1% of the amount of
fat typically consumed in the human diet (95). Nonetheless,
some investigators have suggested that DNL may contribute
to increased fat in the liver (96–99) and might ultimately lead
to NAFLD, which is the leading cause of chronic liver disease
and the need for liver transplantation in the world (27,28).

FIGURE 3 Blood pressure response in 352 individuals who
consumed either HFCS or sucrose to supply 8, 18, or 30% of
calories in low-fat milk during a 10-wk, free-living trial. The white
bars indicate baseline measurements and the black bars indicate
measurements obtained following the 10-wk intervention.
Adapted with permission from (75). (A) Diastolic blood pressure.
(B) Systolic blood pressure. HFCS, high fructose corn syrup.
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Lê et al. (98) gave descendants of diabetics dosages of
fructose of 3.5 mg/kg of lean body mass and found some in-
creased accumulation of liver fat. Stanhope et al. (16) gave
individuals 25% of energy as fructose and found that there
was increased DNL compared with 25% of energy as glu-
cose. However, other investigators have not found increased
liver fat following fructose consumption (100,101). In a sep-
arate study, Lê et al. (101) reported that individuals who con-
sumed 1 mg/kg of fructose of lean body weight did not
increase liver fat. Silbernagel et al. (100) reported similar
findings in a 4-wk trial. Bravo et al. (69) from our research
group reported that individuals who consumed up to 30%
of calories from either HFCS or sucrose during a 10-wk,
free-living period did not accumulate additional fat in the
liver. Chung et al. (102) conducted a systematic review and
meta-analysis, which did not find a linkage between fructose
consumption and NAFLD. Thus, although there are theoret-
ical models that suggest that an increase in DNL may occur
in response to fructose consumption, the literature on liver
fat accumulation in response to fructose consumption is mixed.
RCTs that have given normally consumed sugars at typical
amounts have not demonstrated fat accumulation in the
liver (69,98,100). Whether fructose consumption can lead
to NAFLD is speculative and not supported by recent sys-
tematic and meta-analysis (102).

Do Fructose-Containing Sugars Have Different
Effects Than Glucose on Neural Pathways?
Some animal experiments have suggested that fructose be-
haves differently in the brain than does glucose (31,34).
These studies, particularly in rodents, must be treated with
great caution given the multiple and important differences
between rodent brains and human brains, most prominently
the small prefrontal cortex in the rat brain and the large,
well-developed one in humans (103,104). Thus, studies of
behavior and cognition in rats often translate poorly to

humans (105,106). Some investigators have compared fruc-
tose with glucose utilizing functional MRI in humans (107,
108). It must be emphasized again that fructose and glucose
are rarely, if ever, consumed in isolation in the human diet.
Moreover, a number of these studies have utilized either bo-
luses of fructose or glucose (108) through abnormal routes
(e.g., i.v.) (107) or at large doses of fructose or glucose (e.g.,
>95% of population consumption levels of fructose) (108).

Purnell et al. (107) explored the neurologic response to
25 g of either fructose or glucose delivered as an i.v. bolus.
They reported that although there were no changes in blood
flow to the hypothalamus, there were differences between
fructose and glucose in blood flow to the cerebral cortex.
These investigators speculated that this could potentially re-
sult in overeating and ultimately to obesity. It should be
noted, however, that the opposite and similar deflections
in blood flow to the cortex when comparing fructose with
glucose raise the possibility that if the 2 were given together,
such as in HFCS or sucrose, these effects would cancel each
other out with the net effect similar to the saline control.

Page et al. (108) gave 75 g of either fructose or glucose in
oral doses in a random blinded fashion to 20 young, healthy
volunteers. They reported that there were differences in hy-
pothalamic blood flow, with glucose suppressing hypotha-
lamic blood flow as measured by arterial spin labeling. They
further reported that there were differences between fruc-
tose and glucose in brain connectivity.

Although both of these research teams were careful to
point out that their studies were designed to explore “proof
of concept” and should be taken with considerable caution,
these studies were widely misinterpreted by the media and
the public to suggest that the data supported the concept of
“sugar addiction,” which could lead to overeating.

In addition to the fact that these experiments did not re-
flect the normal way that sugars are consumed in the human
diet, the underlying concept of “sugar addiction” or addiction

FIGURE 4 Metabolism of fructose and
glucose in the liver. Although there are
differences in metabolism, the pathways are
interactive, as indicated in the figure.
Reproduced from (22) with permission. ADP,
adenosine diphosphate; AMP, adenosine
monophosphate; ATP, adenosine-5’-
triphosphate; CO2, carbon dioxide; GLUT,
glucose transporters.
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to any food product has been widely disputed. Ziauddeen
et al. (109), Benton (110), and Corwin and Hayes (111) have
all written persuasive reviews challenging the concept of
food addiction except in very limited settings such as binge-
eating disorder.

A pilot study conducted in our research laboratory in col-
laboration with researchers from Harvard Medical School
compared neurologic responses to HFCS given as 18% of
calories, sucrose as 18% of calories, fructose as 9% of calo-
ries, and glucose as 9% of energy delivered in low-fat milk
compared with an unsweetened low-fat milk control condi-
tion in 7 participants as a component of a mixed nutrient
meal. Preliminary data from this pilot study suggest that
all of these sugars appear to behave similarly and not differ-
ently from the control condition with regard to hypotha-
lamic blood flow and brain connectivity (112).

Clearly, there is a need for larger, more definitive trials in
the area of brain responses to various sugars. It does appear
appropriate at the present time to raise concerns about arti-
ficial experiments that deliver sugars in ways that they are not
normally consumed in the human diet or animal experiments
where human neural pathways may be poorly mimicked.

The metabolic and endocrine responses, as well as the
health implications of consuming added sugars, particularly
in SSBs, continue to cause considerable controversy and de-
bate within the scientific community. Much of the data used
to propose differences in metabolism or adverse health con-
sequences from consuming fructose containing sugars have
come either from pure fructose vs. pure glucose experi-
ments, epidemiologic studies, or animal data, none of which
establish cause and effect in humans.

Although further trials are needed to clarify a number of
issues, at the current time, we think that the following con-
clusions are warranted based on RCTs:

· There is no unique relation between HFCS and obesity.

· There are no metabolic differences between HFCS and su-
crose, and both are metabolically different from pure fructose
compared with pure glucose.

· There do not appear to be adverse effects on total cholesterol
or LDL from consumption of HFCS or sucrose at up to the 90
percentile human fructose consumption level. Small decreases
in HDL have occurred and a 10% or greater increase in TGs
may occur, particularly at higher doses of these sugars.

· There are no increases in risk factors for diabetes, including in-
sulin, glucose, or insulin resistance, when comparing up with
the 90 percentile population of fructose-containing sugars and
no differences comparing these sugars with a glucose control.

· Normal population consumption levels of fructose-containing
sugars do not appear to increase uric acid or blood pressure.

· Normal consumption amounts of fructose, HFCS, or sucrose
do not appear to increase risk factors for MetS.

· Consumption of up to the 90 percentile population consump-
tion level of either HFCS or sucrose does not appear to result
in fatty infiltration of the liver.

· There does not appear to be a difference in hypothalamic blood
flow when fructose-containing sugars are compared with glucose
in the context of mixed nutrientmeals, although additional studies
will be required to provide more definitive evidence in this area.

These findings suggest we must be very cautious about at-
tributing adverse health consequences to consumption of
fructose-containing sugars. RCTs at normal population con-
sumption levels using sugars that are typically consumed in
the human diet do not support adverse consequences.
Clearly, further RTCs exploring real-world conditions in hu-
mans are urgently needed.
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